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Reply to Reviewer

We want to thank the reviewers for their comments and very pertinent suggestions. The
manuscript has been revised according to their recommendations as shown in the following.

1) Reviewer’'s comment point 1:

Response: We agree with the reviewer comment, there is typographic error in equation (1):
Considering the corresponding signs of in (1-R)/(1+R), we obtain:

1-RY|  1-e T
I, =W.C, .V — V. ).Vh.( j 1
D ox'\VGs T/ Vi 1+R 1+[1_RjquD%IT ( )
1+R

2) Reviewer's comment point 2:

Response:  Figure 6.aillustrates the impact of the channel length on the oscillation frequency.
For the smallest length the oscillation frequency increases due to SCE/DIBL. But for long
channel case the transport (ballistic or quasi-balistic) is predominant, thus oscillation
frequency decrease in quasi-ballistic case because this depends on the channel length and is
constants for ballistic transport as the lon. But, effectively we suspect that the increase of the
oscillation frequency in the ballistic case is not redlistic due to numerical noisein our code. In
fact this is not readly important for the objective of our study, which is dedicated to the
simulation of short length.

3) Reviewer’'s comment point 3:

Response: The figure 9 has been corrected to include the structural parameter of the DG
MOSFET:
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ABSTRACT

In this paper we present a compact model of Do@ate MOSFET architecture
including ballistic and quasi-ballistic transporoveh to 20 nm channel length. In
addition, this original model takes into accoundrsithannel effects (SCE/DIBL) by a
simple analytical approach. The quasi-ballisticngg@ort description is based on
Lundstrom’s backscattering coefficient given by #wecalled flux method. We also
include an original description of scattering obgesses by introducing the “dynamical
mean free path” formalism. Moreover, we implemented model in a Verilog-A

environment, and applied it to the simulation ofcgit elements such as CMOS
inverters and Ring Oscillators to analyze the immddallistic/quasi-ballistic transport
on circuit performances. Finally, in order to valid our work, we confronted this

model with numerical simulation of CMOS and RingcDator in ballistic case.

Keywords: Double-Gate MOSFET, ballistic/quasi-ballistic trang, compact model,

Ring Oscillator.
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1. Introduction

As the MOSFET continues to shrink rapidly, emergpiysical phenomena, such as
ballistic transport, have to be considered in tloeleling and simulation of ultra-scaled
devices. Future Double-Gate MOSFETs (DGMOS Fig. dgsigned with channel
lengths in the decananometer scale, are expectbed toore ballistic or quasi-ballistic
than diffusive. At this level of miniaturisation éssential to directly evaluate the impact
of ballistic and quasi-ballistic transport at citclevel through simulation of several
circuit demonstrators. The implementation of compaadels in Verilog-A (Smartspice
[1]) environment offers the opportunity to descrdseaccurately as possible the physics
of transport and to analyze its impact on variausud elements.

Several analytical models based on the Drift-Diffusformalism demonstrate that it is
possible to introduce the diffusive transport ilpact modelling. However, when the
channel length approaches the value of mean frée ff@ mobility definition can no
more strictly explain the electronic transport e tdevice [2]. In this case we use the
flux theory and the main parameter of this approacthe backscattering coefficient,
which expresses the ballistic and the quasi-balltsansport. Some well-known works
performed by Lundstronet al [3-5] demonstrate the usefulness of the flux thhaar
gualitatively describing quasi-ballistic transpmrcompact modelling.

More recently several works [6-8] proposed someiate solution to describe transport
for nanoscale DG MOSFETSs including quantum confieetor the effect of tunneling
through the source-drain potential barrier on devicharacteristic. But few works [9-
10] exposed the influence of ballistic/quasi-b#étlisransport on the operation of circuit

demonstrator

http://mc.manuscriptcentral.com/tandf/jenmol
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In this work we demonstrate the feasibility of anglation study of ballistic/quasi-
ballistic transport at circuit level and we showe impact of this advanced transport on
the switch of CMOS inverter and the oscillationginency of ring oscillator. This paper
is organized as follows: the section | explainsriwel physics and the corresponding
assumptions. In part Il, we explain our device datian in ballistic and quasi-ballistic
case. The part Il highlights the qualitative coctren between physics of quasi-
ballistic transport and its impact on circuit penf@ance. Finally, we compare our model

with numerical simulation in terms of CMOS switatdaoscillation frequency.

2.DG MOSFET mode

A. Ballistic and quasi-ballistic transport

The proposed analytical model (implemented in \dgHRA environment) is based on the
well-known work of Natori [10] and Lundstrom [3]hiE formula describes the ballistic

and quasi-ballistic current:

~qVps

1-R 1-e kT
Iy =W.C,\.(Vos -VT)-Vh-[ j - (1)
"1+R 1+(1—R o V%
1+R

whereW is the gate widthC,y is the gate oxide capacitan®éssis the gate to source
voltage, Vps is the drain to source voltag®y is the threshold voltagek is the
Boltzmann constang is the electron charge ands the lattice temperature.

In addition, Lundstronet al. developed physical compact models describing &wicd
operation in quasi-ballistic regimes using the Isaektering coefficienR [4]:

Lr

. kT
L +A

L, =L..
kT (o q-\/DS (2)

where/ is the mean free path ahgr is the distance over which the channel potential

drops bykT/q compared to the peak value of the source to cthdanger. Physically,

http://mc.manuscriptcentral.com/tandf/jenmol
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Lkt represents the critical distance over which sdatieevents modify the current; the
limit and the demonstration of the backscatteriogfficient are exposed [12].

We consider here the Dynamical mean Free Path whiaHlocal free path of ballistic
carriers” [8]. This characteristic length represetite average distance to be crossed
before the next scattering event. This approacisiders that each carrier is ballistic as
long as any event does not disturb its trajectdye dynamic mean free path (dfp)
connects the ballistic velocity and all interaciqroulomb and acoustic/optical phonon
interaction) experienced by carriers crossing thanoel. The scattering process with
impurities ¢imp) and phonon interactionsyf) are calculated as in [8] and the value of
dfp used here is 27 nm in the intrinsic silicon . In practicedfp replacesi to

describe quasi-ballistic transport:

dfP = Vou Tt s Y Voar =4/ 2 (3)

wherem* is the mass in direction of transporty the ballistic velocityro: the total
scattering rate angl, the carrier energy.

B. Short channel effects

To obtain an accurate model and describe all elsttic effects, we have also
introduced Short Channel Effect and Drain InducesriBr Lowering (SCE/DIBL)
using the Suzuki's model [13] fdry. The starting point of this model is the Poisson

equation, where the depleted and the electron ekag neglected:

QYY) , dpxy) _aN, _,
dx? dy2 £

(4)

Supposing a parabolic dependence in the y-direction
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d2/7(2x) _ 0(20 -0 (5.2)
dx A

/ B |
A - gSIgSI 0X (Sb)

wheren=w«(X)-Vss yw«(X) is the surface potentialsi andeox are, respectively, the silicon

and the oxide permittivity. The solution of equati®.a) is:

7ot
s- 1 o - 1

n(x) = (6)
where the boundary conditions apes y5(0)-Vess at the source amgh=yws(Lc)-Ves at the
drain. w<(0) is the built-in potential equal tdk.T/g.IN(Np.Na/ni?), Np and Na are,
respectively, the doping level in the source/dragions and in the channel.

The expression of the threshold voltage shif«) due to SCE/DIBL depends on the

value of the minimum potential, given by:

L,

wSmin (Xmin) :VGS + 2 ,78 '/7D 'e_4.; (7)
L. A n

X. =——-"_1n /D

o == (”j ®)

AVr is then obtained from the following equation [13]:

L

AV; = 2./ns1, et (9)
After some algebraic manipulation, we find the el expression oAVy. Thus,Vy
in equation (1) is modified bV, as follows:

V, =V, —AV, 9)
where Vi, and AVt are the long channel threshold voltage and itsatian due to

SCE/DIBL, respectively.
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Finally, the above-threshold regime is linked te@ tbubthreshold regime using an
interpolation function based on the subthresholthgvs parameter, also defined by

Suzuki in [13]:

_k'_T dl//Smin(Xmin) N
S= : .|n(10).(—dvGS j (10)

This assures the perfect continuity of our modeWbken on-state regime and off-state
regime.

3. Simulation RESULTS

A. Device simulations

After implementation in Verilog-A environment, timodel has been used to simulate
the DGMOS structure schematically presented inrfeidu The source and drain regions
are heavily doped (1x¥dcm™) and an intrinsic thin silicon channel is consaterThe
channel length varies from 10 nm to 200 nm; a gaide of 1.2 nm thick and a midgap
metal gate are also considered.

It is well-known that the ballistic current is iqmEndent of channel length [11] except
when SCE or DIBL appears. In order to clearly confthis point, simulations have
been performed for several length (20, 25, 30580,100 and 200 nm) and considering
two types of transport (quasi-ballistic and ballisFig. 2). Note that for the ballistic
case, the mean free path value has been chosendxtiemely large compared to the
channel length. In contrast to the ballistic caise,quasi-ballistic transport has the same
behaviour as that of diffusive transport and themfoof the output characteristics
depends on L

Figure 3 shows the drain current versus the gatéage characteristics for the
DGnMOS and DGpMOS simulated devices at&¥0.7V. In this approach, we suppose
that the transport description (for ballistic andasgj-ballistic case) for holes is identical

to that of electrons, with uniquely changing thesrthal velocity value in non-

http://mc.manuscriptcentral.com/tandf/jenmol
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degenerate conditions (Fig. 1b et 1c, [14]). Asest@d, the ballistic and quasi-ballistic
current shows a perfect continuity between the akennd the subthreshold regime (as
illustrated on Fig. 3a). Finally, figure 3b showsit the DGNMOS and DGpMOS have
the same behaviour in terms of transport, withedédht current levels due to the
different values of thermal velocity.

B. Circuit simulations

In addition to the simulation of single device cggen, we have simulated different
circuit elements such as CMOS inverters and rirgyllasors (Fig. 1b and 1c) to show
the impact of ballistic/quasi-ballistic transpoticacuit level.

The output voltage (3) of the CMOS inverter switches more sharply frdme t1”
state to the “0” state in the ballistic case thamuasi-ballistic transport (Fig. 4). The
switch of the CMOS inverter depends on the limith@en linear and saturation region,
which controls the switch between transistors. WBE&E/DIBL occur, the transition
between linear and saturate regime is modified,thadswitch from the “1” state to the
“0” state is less sharp. In the quasi-ballistic ecathe abruptness of the CMOS
characteristic is strongly deteriorated. In condnsthese results prove that the ballistic
transport improves the switch and the static paréorces of the CMOS inverter.

Figure 5 shows the oscillation frequency as a fonabf the charge capacitance for two
channel lengths: 100 and 30 nm. As expected théatn frequency is reduced when
the charge capacitance increases, due to variafitime propagation time through the
inverters. We can also note the strong influencghoft channel effects that increase the
current value and reduce the difference betweerofizdlation frequencies in quasi-
ballistic transport compared with ballistic trangpo

Moreover, we thoroughly studied the influence afgsétic elements and phenomena on
circuit performances. Figure 6.a illustrates theaet of two charge capacitances on the

oscillation frequency versus the channel lengtgufé 6.b shows theylcurrent and/t

http://mc.manuscriptcentral.com/tandf/jenmol



©CoO~NOUTA,WNPE

Page 10 of 51

versus the channel length. This last figure dematedr the strong influence of
SCE/DIBL effect on the transient performance. The laxgtion is that when
SCE/DIBL effects occur:

- Firstly, the benefit of ballistic transport (versggasi-ballistic) on the switch of

the CMOS inverters is hidden (inset (a) and (bfigf 4).

- Secondly, theg), current strongly increased (Fig. 6.b).
Consequently the oscillation frequency in ballisind quasi-ballistic case is less
influenced by the value of the dynamic mean freé.pa
These results show that the oscillation frequenaginsctly influenced by the type of
transport (ballistic versus quasi-ballistic) whichanges strongly the static and the
transient performances. However, parasitic phenameuch as interconnect
capacitances or SCE/DIBL are essential parameterghén analysis of circuit
performances even when the intrinsic behaviouradistors is dominated by ballistic
transport.
4. Comparison with numerical Simulation
A. Numerical simulation of ballistic transport usitige quasi-ballistic mobility concept
In a previous work we enhanced the pioneering ambraf quasi-ballistic mobility
proposed by Rhewt al [15] and we introduced it into TCAD simulator, imder to
numerically simulate the ballistic/quasi-ballisti@ansport using a TCAD tool. This
approach, extensively presented in [9], is useé tewvalidate our analytical model. In
the following, we shortly remind the basic equasiar this approach, based on the flux
theory or McKelvey's flux method [2], [15].
Figure 7 shows the schematics of the flux evolutiothe channel (in the direction of
transport). The two flux densitiebp and Fs, incident on a semiconductor slab with
thicknessdx, transmit or reflect with the corresponding baeltsring probabilities per

lengthr [15]:

http://mc.manuscriptcentral.com/tandf/jenmol
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dFD (x)

™ = [.FD(x)—[.FS(x) (11)
dF (x)
d—SX: [.FD(x)—[.FS(x) (12)

wherer is the scattering probabilities in the presencaroélectric field and the symbols
“—” and “<" of scattering probabilities represent the caisiarelocity components
that are parallel or anti-parallel, respectively,the electric field direction. Adding
equations (11) and (12) and considerfrfp-Fs and n=(Fp+Fs)/vin (Wherevy, is the

thermal velocity) we obtain:

dF _d(F, - F)

— =02 S/=_0 13

dx dx (13)
r=r Vy  dn

F=| —=|v,.n+—" — 14
{Hr} " rer dx (14

We use here the expression of scattering probasiliproposed in [15] (with the

assumption of non-degenerate gas) for the negeliasge carrier:

f -1 _ qE(X)
k.T

(15)
wherek is the Boltzmann constant,is the lattice temperaturg,is the electron charge,
mfp is the mean free path artis the electric field in the direction of transpdBy

analogy to the classical drift-diffusion approaeve obtain the Einstein relation; we

define then a new mobility-like parametegs, called quasi-ballistic mobility [7]:

Uy = Vin
gb
Zikl +‘E(X)‘ (16)
mfp g

This quasi-ballistic mobility is introduced in TCABoftware [9] (ATLAS SILVACO

[16]). This approach represents an enhanced Difftsflon-like approach to include
quasi-ballistic and ballistic effects in the TCADnsilator. The quasi-ballistic mobility
model is implemented using an explicit C-interpretenction describing the relation

between the mobility and the parallel electricdi¢équation (16)). All other quantities

http://mc.manuscriptcentral.com/tandf/jenmol
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(such as the electrostatic potential, electriadfielarrier concentration, current densities
...) are computed as usual in TCAD simulation, bdlyisag the Poisson equation coupled
to drift-diffusion transport equation. The detaaisd the validation of this approach are
explained in [9] and illustrated with simulation§ small circuits based on DGMOS
technology.

B. Comparison between numerical and analytical thons

In order to validate the analytical model, we hawenpared our results with numerical
simulation. Figure 8 compares the switch of the CMi@verter in ballistic case for
different channel lengths and illustrates the défece between our analytical model and
numerical simulation.

For the long channel caske£100 nm), the ballistic switch for numerical andhtical
simulation perfectly matches. But for short chanhgq20 nm) a small error is found in
the comparison with numerical data. This is duehe fact that forL.=20 nm we
approach the validity limit of our analytical mod&thich isL.=2.tg; in the description
of AVy). Finally, the numerical simulations confirm theepious remark (exposed in
paragraph 3) that short channel effects deteridh&tewitch of the CMOS inverter.
Figure 9 compares the analytical and numericalllaton frequency (fortsi= 5 nm,
tox = 1.2 nm,L=25 nm) in the ballistic case for different chagpacitances. We note
that an identical behaviour is obtained for the atical and the analytical data, which
confirms the result of paragraph 3. Although, alseraor exists (error attributed to the
lon Value, which is not exactly the same in analytaradl numerical case), our analytical
model shows a good agreement with the numericallation.

5. Conclusion

In this work, a compact model for DGMOS taking irdocount ballistic and quasi-
ballistic transport has been proposed and impleadeimt Verilog-A environment. Short

channel effects and an interpolation function tik lthe above and the subthreshold

http://mc.manuscriptcentral.com/tandf/jenmol
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voltage have been included to obtain a completerge®n of current characteristics.
The dynamical mean free path definition was usedetxribe scattering processes with
impurities and phonons. Finally, the model has besed to simulate two different
small-circuits (CMOS inverter and ring oscillatoes)d to show the significant impact
of ballistic/quasi-ballistic transport on the sviitof CMOS inverter and the oscillation
frequency of ring oscillator. Our simulation resufirove that the ballistic transport
improves the switch and the static performanceth@fCMOS inverter, and increases
the oscillation frequency of ring oscillators. Higawe have compared this model with
numerical simulation in ballistic case; this comgan also validates our conclusions on
the influence of short channel effects and batlistansport on the operation of circuit
elements.

This work also demonstrates the feasibility of edation study of ballistic/quasi-
ballistic transport at circuit level and highlightse direct relation between the type of
transport and static or transient performancesnailscircuits.
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Figure captions

Figure 1. Double-Gate MOSFET (a), CMOS inverter, (bihg oscillator (c) and

definition of the main geometrical and electricatgmeters.

Figure 2. Drain current versuspy for L;=200, 100, 50, 40, 30, 25 and 20 nm and

Ves=0.7 V.

Figure 3. Drain current ((a) log and (b) lin scatejsus \&s for L;=100, 30 and 20 nm.

Solid line for ballistic transport and dashed lioequasi-ballistic transport.

Figure 4. \4,; versus V, in a CMOS inverter. [Inset (a) and (b): transfemrve in

ballistic and quasi-ballistic case fog4100, 30 and 20 nm].

Figure 5. Oscillation frequency versus the chamgeacitance for Lc=100 and 30nm

Figure 6. (a) Oscillation frequency versus the ctlgthength for C=0.2 and 0.3 pF. (b)

Drain current at ¥s=Vs=0.7 V and threshold voltage versus the channel

Figure 7. Description of the flux method parameters

Figure 8. \4u versus W, in a CMOS inverter fortsi= 5nm andte,= 1.2 nm.

Comparison between numerical simulation (diamond) aur analytical model (solid

line).
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Figure 9. Oscillation frequency versus charge cidace fortsi= 5 nm,tox= 1.2 nm,
L=25 nm. Comparison between our analytical modelidsbne) and numerical

simulation [9] (circle).

©CoO~NOUTA,WNPE
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ABSTRACT

In this paper we present a compact model of Do@ate MOSFET architecture
including ballistic and quasi-ballistic transporoveh to 20 nm channel length. In
addition, this original model takes into accoundrsithannel effects (SCE/DIBL) by a
simple analytical approach. The quasi-ballisticngg@ort description is based on
Lundstrom’s backscattering coefficient given by #wecalled flux method. We also
include an original description of scattering obgesses by introducing the “dynamical
mean free path” formalism. Moreover, we implemented model in a Verilog-A

environment, and applied it to the simulation ofcgit elements such as CMOS
inverters and Ring Oscillators to analyze the immddallistic/quasi-ballistic transport
on circuit performances. Finally, in order to valid our work, we confronted this

model with numerical simulation of CMOS and RingcDator in ballistic case.

Keywords: Double-Gate MOSFET, ballistic/quasi-ballistic trang, compact model,

Ring Oscillator.
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1. Introduction

As the MOSFET continues to shrink rapidly, emergpiysical phenomena, such as
ballistic transport, have to be considered in tloeleling and simulation of ultra-scaled
devices. Future Double-Gate MOSFETs (DGMOS Fig. dgsigned with channel
lengths in the decananometer scale, are expectbed toore ballistic or quasi-ballistic
than diffusive. At this level of miniaturisation éssential to directly evaluate the impact
of ballistic and quasi-ballistic transport at citclevel through simulation of several
circuit demonstrators. The implementation of compaadels in Verilog-A (Smartspice
[1]) environment offers the opportunity to descrdseaccurately as possible the physics
of transport and to analyze its impact on variausud elements.

Several analytical models based on the Drift-Diffusformalism demonstrate that it is
possible to introduce the diffusive transport ilpact modelling. However, when the
channel length approaches the value of mean frée ff@ mobility definition can no
more strictly explain the electronic transport e tdevice [2]. In this case we use the
flux theory and the main parameter of this approacthe backscattering coefficient,
which expresses the ballistic and the quasi-balltsansport. Some well-known works
performed by Lundstronet al [3-5] demonstrate the usefulness of the flux thhaar
gualitatively describing quasi-ballistic transpmrcompact modelling.

More recently several works [6-8] proposed someiate solution to describe transport
for nanoscale DG MOSFETSs including quantum confieetor the effect of tunneling
through the source-drain potential barrier on devicharacteristic. But few works [9-
10] exposed the influence of ballistic/quasi-b#étlisransport on the operation of circuit

demonstrator
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In this work we demonstrate the feasibility of anglation study of ballistic/quasi-

ballistic transport at circuit level and we showe impact of this advanced transport on
the switch of CMOS inverter and the oscillationginency of ring oscillator. This paper
is organized as follows: the section | explainsri@el physics and the corresponding
assumptions. In part Il, we explain our device datian in ballistic and quasi-ballistic

case. The part Il highlights the qualitative coctren between physics of quasi-
ballistic transport and its impact on circuit penf@ance. Finally, we compare our model

with numerical simulation in terms of CMOS switatdaoscillation frequency.

2.DG MOSFET mode

A. Ballistic and quasi-ballistic transport

The proposed analytical model (implemented in \dgHRA environment) is based on the
well-known work of Natori [10] and Lundstrom [3]hiE formula describes the ballistic

and quasi-ballistic current:

~qVps

1-R 1-e /&7
lo =W.C,p..(Vas —VT).vh.( j - (1)
"1+R 1+[1—R o V%
1+R

whereW is the gate widthC,y is the gate oxide capacitan®éssis the gate to source
voltage, Vps is the drain to source voltag®y is the threshold voltagek is the
Boltzmann constang is the electron charge ands the lattice temperature.

In addition, Lundstronet al. developed physical compact models describing &wicd
operation in quasi-ballistic regimes using the Isaektering coefficienR [4]:

Lr

. kT
L +A

L, =L..
kT (o q-\/Ds (2)

where/ is the mean free path ahgr is the distance over which the channel potential

drops bykT/q compared to the peak value of the source to cthdanger. Physically,
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Lkt represents the critical distance over which sdatieevents modify the current; the
limit and the demonstration of the backscatteriogfficient are exposed [12].

We consider here the Dynamical mean Free Path whiaHlocal free path of ballistic
carriers” [8]. This characteristic length represetite average distance to be crossed
before the next scattering event. This approacisiders that each carrier is ballistic as
long as any event does not disturb its trajectdye dynamic mean free path (dfp)
connects the ballistic velocity and all interaciqroulomb and acoustic/optical phonon
interaction) experienced by carriers crossing thanoel. The scattering process with
impurities ¢imp) and phonon interactionsyf) are calculated as in [8] and the value of
dfp used here is 27 nm in the intrinsic silicon . In practicedfp replacesi to

describe quasi-ballistic transport:

dfP = Vou Tt s Y Voar =4/ 2 (3)

wherem* is the mass in direction of transporty the ballistic velocityro: the total
scattering rate angl, the carrier energy.

B. Short channel effects

To obtain an accurate model and describe all elsttic effects, we have also
introduced Short Channel Effect and Drain InducesriBr Lowering (SCE/DIBL)
using the Suzuki's model [13] fdry. The starting point of this model is the Poisson

equation, where the depleted and the electron ekag neglected:

QYY) , dpxy) _aN, _,
dx? dy2 £

(4)

Supposing a parabolic dependence in the y-direction
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d2/7(2x) _ 0(20 -0 (5.2)
dx A

/ B |
A - gSIgSI 0X (Sb)

wheren=w«(X)-Vss yw«(X) is the surface potentialsi andeox are, respectively, the silicon

and the oxide permittivity. The solution of equati®.a) is:

7ot
s- 1 o - 1

n(x) = (6)
where the boundary conditions apes y5(0)-Vess at the source amgh=yws(Lc)-Ves at the
drain. w<(0) is the built-in potential equal tdk.T/g.IN(Np.Na/ni?), Np and Na are,
respectively, the doping level in the source/dragions and in the channel.

The expression of the threshold voltage shif«) due to SCE/DIBL depends on the

value of the minimum potential, given by:

L,

wSmin (Xmin) :VGS + 2 ,78 '/7D 'e_4.; (7)
L. A n

X. =——-"_1n /D

o == (”j ®)

AVr is then obtained from the following equation [13]:

L

AV; = 2./ns1, et (9)
After some algebraic manipulation, we find the el expression oAVy. Thus,Vy
in equation (1) is modified bV, as follows:

V, =V, —AV, 9)
where Vi, and AVt are the long channel threshold voltage and itsatian due to

SCE/DIBL, respectively.
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Finally, the above-threshold regime is linked te@ tbubthreshold regime using an
interpolation function based on the subthresholthgvs parameter, also defined by

Suzuki in [13]:

_k'_T dl//Smin(Xmin) N
S= : .|n(10).(—dvGS j (10)

This assures the perfect continuity of our modeWbken on-state regime and off-state
regime.

3. Simulation RESULTS

A. Device simulations

After implementation in Verilog-A environment, timodel has been used to simulate
the DGMOS structure schematically presented inrfeidu The source and drain regions
are heavily doped (1x¥dcm™) and an intrinsic thin silicon channel is consaterThe
channel length varies from 10 nm to 200 nm; a gaide of 1.2 nm thick and a midgap
metal gate are also considered.

It is well-known that the ballistic current is iqmEndent of channel length [11] except
when SCE or DIBL appears. In order to clearly confthis point, simulations have
been performed for several length (20, 25, 30580,100 and 200 nm) and considering
two types of transport (quasi-ballistic and ballisFig. 2). Note that for the ballistic
case, the mean free path value has been chosendxtiemely large compared to the
channel length. In contrast to the ballistic caise,quasi-ballistic transport has the same
behaviour as that of diffusive transport and themfoof the output characteristics
depends on L

Figure 3 shows the drain current versus the gatéage characteristics for the
DGnMOS and DGpMOS simulated devices at&¥0.7V. In this approach, we suppose
that the transport description (for ballistic andasgj-ballistic case) for holes is identical

to that of electrons, with uniquely changing thesrthal velocity value in non-
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degenerate conditions (Fig. 1b et 1c, [14]). Asest@d, the ballistic and quasi-ballistic
current shows a perfect continuity between the akennd the subthreshold regime (as
illustrated on Fig. 3a). Finally, figure 3b showsit the DGNMOS and DGpMOS have
the same behaviour in terms of transport, withedédht current levels due to the
different values of thermal velocity.

B. Circuit simulations

In addition to the simulation of single device cggen, we have simulated different
circuit elements such as CMOS inverters and rirgyllasors (Fig. 1b and 1c) to show
the impact of ballistic/quasi-ballistic transpoticacuit level.

The output voltage (3) of the CMOS inverter switches more sharply frdme t1”
state to the “0” state in the ballistic case thamuasi-ballistic transport (Fig. 4). The
switch of the CMOS inverter depends on the limith@en linear and saturation region,
which controls the switch between transistors. WBE&E/DIBL occur, the transition
between linear and saturate regime is modified,thadswitch from the “1” state to the
“0” state is less sharp. In the quasi-ballistic ecathe abruptness of the CMOS
characteristic is strongly deteriorated. In condnsthese results prove that the ballistic
transport improves the switch and the static paréorces of the CMOS inverter.

Figure 5 shows the oscillation frequency as a fonabf the charge capacitance for two
channel lengths: 100 and 30 nm. As expected théatn frequency is reduced when
the charge capacitance increases, due to variafitime propagation time through the
inverters. We can also note the strong influencghoft channel effects that increase the
current value and reduce the difference betweerofizdlation frequencies in quasi-
ballistic transport compared with ballistic trangpo

Moreover, we thoroughly studied the influence afgsétic elements and phenomena on
circuit performances. Figure 6.a illustrates theaet of two charge capacitances on the

oscillation frequency versus the channel lengtgufé 6.b shows theylcurrent and/t
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versus the channel length. This last figure dematedr the strong influence of
SCE/DIBL effect on the transient performance. The laxgtion is that when
SCE/DIBL effects occur:

- Firstly, the benefit of ballistic transport (versggasi-ballistic) on the switch of

the CMOS inverters is hidden (inset (a) and (bfigf 4).

- Secondly, theg), current strongly increased (Fig. 6.b).
Consequently the oscillation frequency in ballisind quasi-ballistic case is less
influenced by the value of the dynamic mean freé.pa
These results show that the oscillation frequenaginsctly influenced by the type of
transport (ballistic versus quasi-ballistic) whichanges strongly the static and the
transient performances. However, parasitic phenameuch as interconnect
capacitances or SCE/DIBL are essential parameterghén analysis of circuit
performances even when the intrinsic behaviouradistors is dominated by ballistic
transport.
4. Comparison with numerical Simulation
A. Numerical simulation of ballistic transport usitige quasi-ballistic mobility concept
In a previous work we enhanced the pioneering ambraf quasi-ballistic mobility
proposed by Rhewt al [15] and we introduced it into TCAD simulator, imder to
numerically simulate the ballistic/quasi-ballisti@ansport using a TCAD tool. This
approach, extensively presented in [9], is useé tewvalidate our analytical model. In
the following, we shortly remind the basic equasiar this approach, based on the flux
theory or McKelvey's flux method [2], [15].
Figure 7 shows the schematics of the flux evolutiothe channel (in the direction of
transport). The two flux densitiebp and Fs, incident on a semiconductor slab with
thicknessdx, transmit or reflect with the corresponding baeltsring probabilities per

lengthr [15]:
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dFD (x)

™ = [.FD(x)—[.FS(x) (11)
dF (x)
d—SX: [.FD(x)—[.FS(x) (12)

wherer is the scattering probabilities in the presencaroélectric field and the symbols
“—” and “<" of scattering probabilities represent the caisiarelocity components
that are parallel or anti-parallel, respectively,the electric field direction. Adding
equations (11) and (12) and considerfrfp-Fs and n=(Fp+Fs)/vin (Wherevy, is the

thermal velocity) we obtain:

dF _d(F, - F)

— =02 S/=_0 13

dx dx (13)
r=r Vy  dn

F=| —=|v,.n+—" — 14
{Hr} " rer dx (14

We use here the expression of scattering probasiliproposed in [15] (with the

assumption of non-degenerate gas) for the negeliasge carrier:

f -1 _ qE(X)
k.T

(15)
wherek is the Boltzmann constant,is the lattice temperaturg,is the electron charge,
mfp is the mean free path artis the electric field in the direction of transpdBy

analogy to the classical drift-diffusion approaeve obtain the Einstein relation; we

define then a new mobility-like parametegs, called quasi-ballistic mobility [7]:

Uy = Vin
gb
Zikl +‘E(X)‘ (16)
mfp g

This quasi-ballistic mobility is introduced in TCABoftware [9] (ATLAS SILVACO

[16]). This approach represents an enhanced Difftsflon-like approach to include
quasi-ballistic and ballistic effects in the TCADnsilator. The quasi-ballistic mobility
model is implemented using an explicit C-interpretenction describing the relation

between the mobility and the parallel electricdi¢équation (16)). All other quantities
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(such as the electrostatic potential, electriadfielarrier concentration, current densities
...) are computed as usual in TCAD simulation, bdlyisag the Poisson equation coupled
to drift-diffusion transport equation. The detaaisd the validation of this approach are
explained in [9] and illustrated with simulation§ small circuits based on DGMOS
technology.

B. Comparison between numerical and analytical thons

In order to validate the analytical model, we hawenpared our results with numerical
simulation. Figure 8 compares the switch of the CMi@verter in ballistic case for
different channel lengths and illustrates the défece between our analytical model and
numerical simulation.

For the long channel caske£100 nm), the ballistic switch for numerical andhtical
simulation perfectly matches. But for short chanhgq20 nm) a small error is found in
the comparison with numerical data. This is duehe fact that forL.=20 nm we
approach the validity limit of our analytical mod&thich isL.=2.tg; in the description
of AVy). Finally, the numerical simulations confirm theepious remark (exposed in
paragraph 3) that short channel effects deteridh&tewitch of the CMOS inverter.
Figure 9 compares the analytical and numericalllation frequency (fortsi= 5 nm,
tox = 1.2 nm,L=25 nm) in the ballistic case for different chagoacitances. We note
that an identical behaviour is obtained for the atical and the analytical data, which
confirms the result of paragraph 3. Although, alseraor exists (error attributed to the
lon Value, which is not exactly the same in analytaradl numerical case), our analytical
model shows a good agreement with the numericallation.

5. Conclusion

In this work, a compact model for DGMOS taking irdocount ballistic and quasi-
ballistic transport has been proposed and impleadeimt Verilog-A environment. Short

channel effects and an interpolation function tik lthe above and the subthreshold
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voltage have been included to obtain a completerge®n of current characteristics.
The dynamical mean free path definition was usedetxribe scattering processes with
impurities and phonons. Finally, the model has besed to simulate two different
small-circuits (CMOS inverter and ring oscillatoes)d to show the significant impact
of ballistic/quasi-ballistic transport on the sviitof CMOS inverter and the oscillation
frequency of ring oscillator. Our simulation resufirove that the ballistic transport
improves the switch and the static performanceth@fCMOS inverter, and increases
the oscillation frequency of ring oscillators. Higawe have compared this model with
numerical simulation in ballistic case; this comgan also validates our conclusions on
the influence of short channel effects and batlistansport on the operation of circuit
elements.

This work also demonstrates the feasibility of edation study of ballistic/quasi-
ballistic transport at circuit level and highlightse direct relation between the type of
transport and static or transient performancesnailscircuits.

6. Acknowledgements

This work was supported by the French Ministry adsBarch (ANR-05-NANO-002
project “MODERN?”). The authors would like to ackniagdge O. Rozeau, M. Reyboz,
V. Barral, T. Poiroux, M-A. Jaud, O Bonno and Srifaad from CEA-LETI MINATEC

(Grenoble, France) for helpful discussions.

http://mc.manuscriptcentral.com/tandf/jenmol



Page 39 of 51

©CoO~NOUTA,WNPE

References

[1].
2].

3].

[4].

[5].

[6].

[7].

[8].

9.

SmartSpice Users Manual, SILVACO.

J.P.McKelvey and J.C. Balogh, “Flux method for thealysis of transport
problems in semiconductors in the presence of miefaglds”, Phys. Rey.vol 137

no A5, pp. A1555-A1561, Mar. 1965.

M. Lundstrom and Z. Ren, “Essential physics of ieartransport in nanoscale
MOSFETSs”,IEEE Trans. Electron Devicegl. 49, no. 1, pp. 131-141, Jan. 2002.
M. Lundstrom, “Elementary scattering theory of ®eMOSFET”, IEEE Trans.
Electron Device Lettvol. 18, no 7,pp. 361-363, Jul. 1997.

A. Rahman and M. S. Lundstrom, “A compact scattemmodel for the nanoscale
double gate MOSFET,” IEEE Trans. Electron Devices, 49, no. 3, pp. 481-489,
Mar. 2002.

J. L. Autran, D. Munteanu, O. Tintori, E. Decarrel&. M. lonescu, “An analytical
subthreshold current model for ballistic quantumewidouble gate MOS
transistors”Molecular Simulationvol. 31, no. 2/3, pp. 179-183, Feb. 15, 2005.
D. Munteanu, J.L. Autran, S. Harrison, K. Nehari, Ontori and T. Skotniki,
“Compact model of the quantum short-channel thrieslhvoltage in symmetric
Double-Gate MOSFET "Molecular simulationvol. 31, no 12, pp. 831-837, Oct.
2005.

E. Fuchs, P. Dollfus, S. Barraud, D. Villanueva,Salvetti and T. Skotniki, “A
new bascattering model giving a description of thmsi-ballistic transport in
Nano-MOSFET",IEEE Trans. Electron Devicesol. 52, no. 10, pp. 2280-2289,
Oct. 2005.

S. Martinie, G. Le Carval, D. Munteanu and J.L. raat “Impact of ballistic
transport on performances of Double-Gate MOSFEEBedacircuits”, IEEE

Transactions on Electron Devigesol. 55, no. 9, pp. 2443-2453, Sept. 2008.

http://mc.manuscriptcentral.com/tandf/jenmol



©CoO~NOUTA,WNPE

[10].

[11].

[12].

[13].

[14].

[15].

[16].

Page 40 of 51

S. Matrtinie, D. Munteanu, G. Le Carval, J.L. AutréA simple compact model to
analyze the impact of ballistic and quasi-ballistiansport on ring oscillator
performance”, in Proc. Integrated Circuit Designd ahechnology Conference
(IclcDt), pp. 273-276, Grenoble, France, June 2008.

K. Natori, “Ballistic metal-oxide-semiconductor fiieeffect transistor “J. Appl.
Phys, vol. 76, no. 8, pp. 4879-4890, Oct. 1994.

S. Martinie, D. Munteanu, G. Le Carval, J.L. Autrdhlew unified analytical
model of backscattering coefficient from low to thi§eld conditions in quasi-
ballistic transport”JEEE Electron Device Lettersn press, 2008.

K. Suzuki, Y. Tosaka and T. Sugii, “Analytical tkleld voltage for short
channel n+-p+ double-gate SOl MOSFETHEEE Trans. Electron Devicesl.
43, no. 5, pp. 732-738, May 1996.

F.Assad, Z. Ren, S. Datta, M. Lundstrom and P. Bert®erformance limits of
silicon MOSFET's",|IEEE IEDM Tech. Dig1999.

J-H. Rhew and M. S. Lundstrom, “Drift-diffusion eajion for ballistic transport
in nanoscale metal-oxide-semiconductor field eHfecansistor’,J. Appl. Phys.
vol. 92, no. 9, pp. 5196-5202, Nov. 2002.

ATLAS Users Manual, SILVACO.

http://mc.manuscriptcentral.com/tandf/jenmol



Page 41 of 51

©CoO~NOUTA,WNPE

Figure captions

Figure 1. Double-Gate MOSFET (a), CMOS inverter, (bihg oscillator (c) and

definition of the main geometrical and electricatgmeters.

Figure 2. Drain current versuspy for L;=200, 100, 50, 40, 30, 25 and 20 nm and

Ves=0.7 V.

Figure 3. Drain current ((a) log and (b) lin scatejsus \&s for L;=100, 30 and 20 nm.

Solid line for ballistic transport and dashed lioequasi-ballistic transport.

Figure 4. \4,; versus V, in a CMOS inverter. [Inset (a) and (b): transfemrve in

ballistic and quasi-ballistic case fog4100, 30 and 20 nm].

Figure 5. Oscillation frequency versus the chamgeacitance for Lc=100 and 30nm

Figure 6. (a) Oscillation frequency versus the ctlgthength for C=0.2 and 0.3 pF. (b)

Drain current at ¥s=Vs=0.7 V and threshold voltage versus the channel

Figure 7. Description of the flux method parameters

Figure 8. \4u versus W, in a CMOS inverter fortsi= 5nm andte,= 1.2 nm.

Comparison between numerical simulation (diamond) aur analytical model (solid

line).
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Figure 9. Oscillation frequency versus charge ciédgace fortsi= 5 nm,tox= 1.2 nm,
L=25 nm. Comparison between our analytical modelidsbne) and numerical

simulation [9] (circle).
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Figure 1. Martinie et al.
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Figure 7. Martinie et al.
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